The metabolism of 14C-labeled PCBs (polychlorinated biphenyls), which comprised the Aroclor 1242 mixture, was greatly enhanced by the addition of biphenyl (BP) to soil. After 49 days, only 25 to 35% of the original PCBs remained in the soil, and 48 to 49% was converted to "4CO2 (including soil carbonates) in treatments enriched with BP; by contrast, 92% of the PCBs remained and less than 2% was converted to "4CO2 in the unenriched control. Although the mineralization of PCBs in soils inoculated with Acinetobacter strain P6 was not greater than that in uninoculated BP-enriched soils, the initial and maximum mineralization rates and the disappearance of more highly chlorinated PCBs were greater with Acinetobacter strain P6. The mineralization of BP was consistent with kinetic models based upon linear-no growth and exponential growth; lower cell densities (<106/g) of BP-oxidizing bacteria gave a better fit for exponential growth, whereas the highest cell density (109/g) gave a better fit for linear-no growth. The numbers of BP-oxidizing bacteria declined exponentially upon depletion of the substrate. Since the mineralization of the chlorinated cometabolites was brought about by microorganisms (commensals) other than BP oxidizers, "4CO2 production could not be fit to either of the two growth models. However, '4CO2 production from the highest-density inoculum could be fit to a first-order (no-growth) sequential-reaction series. Although the population dynamics of the commensals could not be determined, the rate-limiting step in the cometabolic-commensal metabolism of PCBs to CO2 had to be the initial oxidation, since the rate of 14CO2 production was directly related to the population density of BP oxidizers.
One of the greatest conceptual difficulties of biodegradation studies is the quantitative expression of sigmoidal substrate disappearance or product formation curves with time. Zero-order, first-order, or Michaelis-Menten kinetics can be rendered to linear equations which give meaningful rate constants (e.g., maximal velocity, half-life, and saturation constants). The progress curves of these kinetics, however, have no inflection point and are always associated with a constant enzyme or cell concentration. Sigmoidal progress curves, on the other hand, are virtually always due to an increase in catalytic biomass. The dependence of a reaction on biomass and substrate concentrations has nominally been referred to as a second-order reaction rate (18) . Thus, the concept of measuring specific microbial population densities would be theoretically useful if the rate of substrate disappearance per unit biomass were constant.
A few recent attempts have been made to fit biodegradation data to the integrated Monod equation by use of nonlinear regression analysis (21, 23) . Depending upon the initial concentrations of biomass and substrate, Simkins and Alexander (23) showed that simplified forms of the integrated equation (five in all) could give equal or better accuracy than the complete equation, although in certain instances the full equation had to be used. The integrated Monod equation, unlike its differential form, gives interdependent maximum growth rate ([Lmax), yield ( ), and saturation (Ks) constants, so that unique estimates of each are not always possible (21) . Moreover, since biodegradation studies are conceptually and functionally time related, the mathematical inability of the Monod equation to express sub-strate or product concentration as a discrete function of time is a serious impediment. The extent to which the diffusion and adsorption of a substrate in soil affects Monod kinetics is unknown.
Chlorinated biphenyls, excluding those with one unsubstituted ring, are not known to be growth substrates but are known to be cometabolized (1, 2, 11, 12, 17) . In a recent study (6) , we demonstrated that both substrate disappearance and mineralization of '4C-labeled PCBs (polychlorinated biphenyls), representing the Aroclor 1242, were greatly enhanced with the addition of a substrate analog (biphenyl [BP] ) and of the PCB cometabolizer Acinetobacter strain P6 (11) . Although the production of CO2 from BP could be fit to a model which we derived previously (5), production from 14C-PCBs could not. Since population densities of Acinetobacter strain P6 were not determined, the assumptions regarding linear, exponential, or no growth could not be validated. Moreover, the model which was derived from 14CO2 data of natural products has not been tested for its applicability to xenobiotic metabolism. Therefore, the following study was conducted (i) to verify if the assumptions for catalytic biomass concentration in our earlier model (5) are valid, (ii) to clarify the intrinsic meaning of the kinetic constants, and (iii) to determine if PCBs are metabolized to products that are not readily converted to 14CO2.
MATERIALS AND METHODS
Cultures. Acinetobacter strain P6 was grown in mineral salts medium (11) with 0.1% BP on a rotary platform shaker. Cell suspensions for soil inoculation treatments were prepared by harvesting at late exponential growth. Cells were filtered through glass wool to remove residual BP, centrifuged at 10,000 x g for 10 min, and suspended in 0.05 M phosphate buffer (pH 7.0). Cell suspensions, which were adjusted with phosphate buffer to give inoculum densities of approximately 105 and 109 cells per ml, were then added to soil to give a moisture content equivalent to 50% saturation. In analogenriched treatments, BP (3.3 mg/g) and NH4NO3 (0.3 mg/g) were mixed thoroughly with soil and added in 100-g (dry weight) amounts to each flask. BP-oxidizing bacteria were enumerated in analog-enriched treatments at 0, 4, 8, 14, 24, and 34 days by removing l-g samples from each flask and making triplicate spread plate counts on mineral salts agar (11) . The plates were inverted, a crystal of BP was added to the bottom plate, and the plates were sealed with tape to allow the vapors to accumulate and to permit growth.
Soil incubations. Altamont soil, previously described by Brunner et al. (6) , was used in all experiments. This soil differed from the previous batch only in terms of a higher organic matter content (2.2%) and a higher pH (7.2), which resulted after liming. Aroclor 1242 (Foxboro Analytical Laboratories, North Haven, Conn.) and 14C-Aroclor 1242 (New England Nuclear Corp., Boston, Mass.) with a specific activity of 24.4 mCi/mmol were combined in hexane to give an average specific activity of 0.0736 mCi/mg. All treatments were run in quadruplicate, and each flask initially contained 100 g of soil (air dried) and 10 mg of "'C-Aroclor 1242. The flasks were connected at both ends to CO2 traps, which contained 25 ml of a KOH solution. The incoming air was thus humidified and free of CO2. Flasks containing no soil did not liberate CO2 into the outgoing trap. The methods of making additions to soil, the comparative quantitative differences between the labeled and unlabeled Aroclors, and the extraction and analytical methods are discussed in detail elsewhere (6) .
Treatments consisted of 109 cells per ml plus BP; 105 cells per ml plus BP; no inoculum plus BP; no inoculum and no BP; and no inoculum and no BP plus AgNO3. Because our previous study (6) showed no differences between inoculated unenriched treatments and uninoculated unenriched treatments, controls consisting solely of inoculum additions were unnecessary and thus were not run.
As a control for the effects of volatilization, soil samples were sanitized by adding 0.5% AgNO3 before incubation. CO2 evolution was not detected from these soils, and the 14C activity was not significantly different from that of the background. Thus, 14C-labeled PCBs could not be trapped in the KOH solution.
Determination of "'C labeling of soil organic matter. At the end of the soil incubation (49 days), all soils were extracted twice with hexane-acetone (1:1) for analysis of PCBs by gas chromatography and for direct 14C counting (6) . After evaporation of hexane, 50 g of soil (dry weight) was extracted with 100 ml of 0.5 N KOH in 500-ml sealed polypropylene Erlenmeyer flasks in an N2 atmosphere on a rotary platform shaker for 18 h. The mixture was centrifuged at 10,000 x g for 15 min, and the alkaline supernatant was poured through a filter containing glass wool to remove flocculent debris. The filtrate was slowly acidified with concentrated HCl to pH 1, and the mixture was centrifuged at 10,000 x g for 15 min. The supernatant (fulvic acid) was neutralized with KOH to pH 7.0 and brought to a known volume, and a 4-ml portion was added directly to an Aquasol-2 (New England Nuclear) mixture for later 14C counting. The precipitate (humic acid) was washed several times with distilled H20 and dried at 65°C, and 5.0 mg was added directly to scintillation vials for 14C counting. The soil, which had been extracted with hexane and alkali, was dried at 65°C, and 5.0-mg samples were added to the same scintillation mixture.
Combustion of soil samples (about 100 to 150 mg) before and at the end of the extraction procedure was carried out at 900°C on a Coleman carbon analyzer; 1'CO2 was trapped directly in 2 ml of KOH in scintillation vials, which were then brought to volume with 13 ml of Aquasol. Cometabolism has been defined as the ability of a microorganism to effect limited metabolism of a substrate which it cannot utilize for growth or energy (13) . For this reason it is probably not surprising that no formal treatment of the kinetics of cometabolism has been considered. Moreover, the definition becomes inapplicable to a nonaxenic systenm, since we do not know if the product of cometabolism might be utilized for growth or energy by another population. Therefore, any population(s) which mineralizes the cometabolites formed by another may be considered to be a commensal population if it obtains a benefit from doing so.
The kinetics of substrate degradation by a cometaboliccommensalistic sequence can be envisioned in a manner similar to the production and decay of a transient intermediate. For the sequence S' X4 I-4 P' dP' d = kjI (3a) where S', I, and P' are the respective concentrations of chlorinated analog, cometabolite, and product ("4CO2) and kb and kc are the rate constants.
Since the same three possible alternatives-no growth, linear growth, exponential growth--exist for commensals as for cometabolizers, a total of nine models are possible. However, the equations based on linear or exponential growth are very complicated, and many of them have no analytical solution. The simplest model is represented by a constant population (i.e., no growth) of both cometabolizers and commensals to give a pure first-order sequential reaction which has the following solution (4) AS'0
The differential form of the above is dP' AS'0kbk (e-k,t _ e-kbt)
dt kc-kb RESULTS The initial rate of BP metabolism was directly related to the initial numbers of BP-oxidizing bacteria (Fig. and 2) . Although an initial inoculum of 109 cells per ml (9B) was added to soil, we recovered about 100-fold less cells than expected at the start of the experiment. Since we have observed recovery problems in other inoculation experiments with high cell densities, it is unlikely that this result was due to experimental error; it may instead be related to adsorption, which becomes less significant with low cell densities. Linear and logarithmic plots of BP oxidizers ( Fig.  1) illustrated that low initial cell densities are better represented by exponential, rather than linear, growth. The exponential growth rate constants for no inoculum (UB) and for an initial inoculum of 105 cells per ml (SB) were 1.1 day-' and 1.4 day-1, respectively (Table 1) . After correction for endogenous CO2 production, complete mineralization of BP would produce 285 mol of CO2 per g of soil. The fractions of BP which were readily mineralized were 0.63, 0.52, and 0.45 for the 9B, SB, and UB treatments, respectively (Fig. 2) . At 24 days, BP mineralization was 88, 86, and 81% of the total for 9B, 513, and UB, respectively. The best fit for CO2 production from the 9B treatment was the linear growth model (equation 12 in reference 5), which degenerated to a first-order (no-growth) approximation when k2 = 0-CO2 production from both the SB and UB treatments was characterized better by the exponential growth model (equation 13 (19) . Low yield coefficients for nonaxenic systems are common unexplained phenomena that have been observed by others (3, 15, 16) . It is uncertain if low yields are due to the inability to accurately measure BP oxidizers in soil or to metabolism being diverted primarily for maintenance.
The mineralization of PCBs was delayed in all cases until after the mineralization of BP (Fig. 2) . We were unable to fit the 14CO2 data to either kinetic model (5) because of the extended apparent lag period. We did, however, obtain a good fit for the first-order (no-growth) sequential reaction of equation 3b.
When the three treatments (9B, SB, and UBP) were respiked at 24 days with BP to determine if 14CO2 production from PCBs was limited by the substrate analog, character-APPL. ENVIRON. MICROBIOL. b-, Kinetic constant is not relevant to the model that was used.
istic sigmoidal production curves of unlabeled CO2 were noted in all cases for BP metabolism (Fig. 3) . With the exception of the first samples (26 days), all of the datum points for the three treatments were statistically identical, and the best fit for all three curves (excluding the earliest datum point for 9B) was obtained with the linear growth model ( Table 1 ). The exponential growth fit for 9B was not significantly better than the linear growth fit. The amount of readily mineralizable BP (70%) and the total amount mineralized at the end of the experiment (91%) were both higher than the initial analog enrichment (Fig. 1 ). There were no differences, however, in 14CO2 production between unspiked and respiked treatments.
The '4C balance (Table 2 ) was close to complete recovery in the sanitized control (94%) and the unsanitized treatment without BP (96%). Differences between the two were not significant, except for the evolution of some 14CO2 from the unsanitized control. On the other hand, unaccounted losses of 14 to 20% were observed in the analog-enriched soil. Residual PCB levels (Table 2) were lowest (25%) in the flasks with the highest inoculum density and highest (91 to 93%) in the controls. The gas-chromatographic traces (Fig.  4) indicated that the PCBs which comprised gas-chromatographic peaks 6 and 8 were the most resistant to biodegradation in all the analog-enriched treatments and that pentachlorobiphenyls, which comprised gas-chromatographic peak 10 (14), were degraded much more extensively by the higher inoculum density of Acinetobacter strain P6 than by the indigenous microflora.
DISCUSSION
Our 3/2 order kinetic model (5) describes the mineralization of BP in soil and further validates the basic premise of microbial growth in soil, namely, that exponential growth kinetics are more realistic at lower cell densities (<106/g) and linear growth kinetics are more applicable at higher cell densities (>106/g) (Fig. 1, 2, and 3) . Because both models are mathematically continual for the entire phase of growth, they are not entirely accurate biologically. Nevertheless, the equations may be used in characterizing the dynamics of product formation through both the sigmoidal and zero-order phases. We should emphasize that the metabolism of BP as determined directly by CO2 production, is what is important, whereas the numbers of BP oxidizers, as determined by plate counts, are of limited value in quantifying the rates of BP degradation. Thus, the use of a coefficient to relate the numbers of BP oxidizers to BP degradation rates in soil is ambiguous because of the low yield coefficients. The important factor in a BP-oxidizing biomass is the initial population density, since this not only determines which of the two growth-related models is better but also is directly related to the time it takes (t,,) to achieve maximal velocity (vm).
The importance of BP analog enrichment for the degradation of PCBs is very obvious when enriched soils are compared with unenriched soils (Fig. 2, 3 , and 4 and Table  2 ). The rates reported here, when compared with those in our previous study (6) , were much higher, probably because of the higher pH (7.2 versus 6.0) and the higher organic matter content (2.5 versus 1.2%). In contrast, the addition of BP at 24 days did not result in the additional production of 14CO2 from PCBs during the mineralization of BP. Unlike our earlier study, bacterial growth and consumption of BP were rapid enough to prevent evaporative losses of the substrate during the cometabolism of PCBs. The numbers of BP oxidizers declined exponentially upon the depletion of the substrate (Fig. 1) . Chatterjee et al. (7) also found that the numbers of Pseudomonas cepacia, which grew on 2,4,5-trichlorophenoxyacetic acid as a sole C source, rapidly diminished in soil after the substrate was depleted. Not surprisingly, there is a limit to the extent that compounds in Aroclor 1242 can be metabolized. For example, 2,5,2',5'-tetrachlorobiphenyl, a component in peak 6 ( four replicate values, were corrected for indigenous CO2 production but not for '4CO2 production in the control (O), which contained no BP. Standard deviations were less than 10% of the mean values. The line in panel A represents the best fit for all three treatments, which were not statistically different, except for the datum point at day 26 (see Table 1 ). Symbols are as described in the legend to Fig. 2. strain P6 (11) . Thus, the predominance of other specific isomeric components at the end of the incubation can only be explained by their inherent chemical resistance to microbial attack by either Acinetobacter strain P6 or the indigenous microflora. In no case did we observe a greater disappearance of PCBs with indigenous microflora than with Acinetobacter strain P6, a result which is consistent with that of our previous study (6) .
We were unable to fit the 3/2 order kinetic model for 1'CO2 production from PCBs. This is not surprising, since Aroclor (14) . Moreover, since Acinetobacter strain P6 can neither dehalogenate nor utilize any of the PCBs contained in this mixture for growth (11, 12) , the production of 14CO2 must be effected by another population that oxidizes the cometabolites. Consequently, we would not expect that 14CO2 production from PCBs could be based upon the growth kinetics of a single group of BP oxidizers. All 14CO2 production curves (Fig. 2) have three features in common. First, the inflection points at which the rate is maximal coincide with the maximum population densities of the BP oxidizers ( Fig. 1  and 2) . Second, the inflection point is not clearly defined and the rate is more linear in the sigmoidal phase of the curve over a longer time period than we noted for BP mineralization. Third, there is an apparent lag period which is not explained by 3/2 order kinetics. The "lag phase" is easily explained by the transient intermediate (i.e., cometabolite) production of a pure first-order rate process (equation 3b) in which populations of cometabolizers and commensals are constant. If this is true for the high inoculum density (9B), then it follows that it must be true for the other two densities, since the initial population of commensals must be the same in all treatments at the beginning. Therefore, the ratelimiting step is clearly the cometabolic one, and maximum 14C02 production should correspond with the maximum population densities of cometabolizers.
The cometabolism of chlorinated biphenyl hydrocarbons in all instances proceeds through the meta-fission pathway, and bacteria which use this pathway are not capable of dehalogenating the ringfission products (1, 9-12). Reineke and Knackmuss (20) referred to this pathway as suicidal and were concerned about the lack of dehalogenating activity. In our soil, however, PCB cometabolites were metabolized to 14Co2 by an indigenous population, and we found no evidence of the accumulation of polar metabolites (Table 2) .
Our inability to recover 14 to 20% of the original 14C added as PCBs may be due partly to evaporative losses of PCBs which accounted for about 5% of the total in the controls, and to small leaks in the system, since the mineralization of BP was never 100% of the theoretical mineralization. Volatile intermediates, such as chloroacetaldehyde, may also account for some losses, since acetaldehyde is a product of the meta-fission pathway (8) . Although acetaldehyde would be rapidly oxidized to acetate, chloroacetaldehyde may not be.
The fate of cometabolic products is an area of study that is largely unexplored, primarily because the degradation products are not commercially available, and thus the pertinent' microbial commensals which effect dehalogenation and mineralization cannot be isolated, enumerated, or studied. If the indigenous population of commensals which mineralize PCB cometabolites is very high, then the mineralization of PCBs in soil is dependent solely on the population dynamics of BP oxidizers. Although we were able to kinetically validate this hypothesis in one instance, it would be premature at this time to derive and test more complicated growth-related models of either population without first establishing the nature of the population dynamics of commensals which mineralize xenobiotic cometabolites.
